I became interested in biology as an undergraduate in a premedical curriculum but developed a passion for the field of reproductive biology because of a course in physiology of reproduction taken to meet requirements for admission to veterinary school. My career path changed, and I entered graduate school, obtained the Ph.D., and have enjoyed an academic career as a reproductive biologist conducting research in uterine biology and pregnancy in animal science departments at the University of Florida and at Texas A&M University. However, I have never allowed academic boundaries to interfere with research and graduate education as that is contrary to collegiality, the cornerstone of great universities. I consider that my major contributions to science include 1) identification of proteins secreted by cells of the uterine endometrium that are critical to successful establishment and maintenance of pregnancy; 2) discovery of steroids and proteins required for pregnancy recognition signaling and their mechanisms of action in pigs and ruminant species; 3) investigation of fetal-placental development and placental transport of nutrients, including water and electrolytes; 4) identification of linkages between nutrition and fetal-placental development; 5) defining aspects of the endocrinology of pregnancy; and 6) contributing to efforts to exploit the therapeutic value of interferon tau, particularly for treatment of autoimmune diseases. My current studies are focused on the role of select nutrients in the uterine lumen, specifically amino acids and glucose, that affect development and survival of the conceptus and translation of mRNAs and, with colleagues at Seoul National University, gene expression by the avian reproductive tract at key periods postovulation. Another goal is to understand stromal-epithelial cell signaling, whereby progesterone and estrogen act via uterine stromal cells that express receptors for sex steroids to stimulate secretion of growth factors (e.g., fibroblast growth factors and hepatocyte growth factor) that, in turn, regulate functions of uterine epithelial cells and conceptus trophectoderm.
BACKGROUND AND UPBRINGING
I was born on 2 September 1938 to Opal Stella (Goolsby) Bazer and Raymond Richard Bazer in Shreveport, Lousiana. My parents were from rural communities of Tenaha and Joaquin, Texas, and only completed the sixth grade before beginning to work full-time to help support their families. I was educated in Shreveport at Line Avenue Grammar School, Lynwood Junior High School, and C.E. Byrd High School, from which I graduated in 1956. My parents worked hard and instilled discipline, respect for others, and an appreciation for hard work in me and my three sisters. I was a late bloomer with respect to academic performance. It was not until I took a course in reproductive biology at Louisiana State University that I found my niche and charted my course toward graduate education and a career in science.
PATHWAY TO A CAREER IN REPRODUCTIVE BIOLOGY
Dr. Lester E. Casida [1] stated that ''it is rare for an investigator uninitiated with livestock to choose to work with these animals as experimental subjects.'' Perhaps I am one of those rare individuals. Only after I received my B.S. in biology in 1960 from Centenary College of Louisiana did I became aware of the discipline of reproductive biology or the existence of departments of animal science. Dr. Mary Warters, chair of the Department of Biology at Centenary College, instilled in me a deep intellectual appreciation for basic aspects of biology, and my interest in livestock came from experiences on the farm of my grandparents in East Texas. After graduation from Centenary College, I enrolled at Louisiana State University (LSU) to take courses required to meet admission requirements for the College of Veterinary Medicine at Texas A&M University. Dr. George Robertson, head of the Department of Animal Science at LSU, required me to take 40 h of undergraduate courses; 20 h each for the fall 1960 and spring 1961 semesters. This challenged me to put good study habits into action. Most importantly, I took an undergraduate course in reproductive physiology from Dr. Stewart H. Fowler that introduced me to the fascinating areas of reproductive biology and reproductive endocrinology. That course was life changing and led to my decision to enter graduate school to seek the M.S. degree. My research involved development and validation of a second-generation competitive hormone binding assay to measure concentrations of thyroxine and triiodothyronine in blood of ewes exposed to high ambient temperature and humidity and to correlate those values with fertility of ewes of different breeds. Dr. John Glen was chair of my graduate supervisory committee, but Dr. Samuel Hansard supervised my research. I met Elmire Ann (Schaaf) Bazer at Centenary College in January 1960, and we were married on 29 December 1962. Seven days after our wedding, I received orders to active duty in the U.S. Army Air Defense School at Fort Bliss in El Paso, Texas, effective 30 January 1963, as well as orders to deploy to South Korea to serve as an air defense officer. In the army, I learned from people from all walks of life about responsibility, leadership, and interpersonal skills that have helped me exercise Stephen Covey's seven habits [2] to 1) be proactive and responsible, 2) begin with the end in mind, 3) put first things first, 4) think win-win for all parties, 5) seek to understand and then be understood, 6) synergize through cooperation and appreciation of differences among people, and 7) sharpen the saw by continually renewing elements in your life.
In August 1965, I resumed graduate education at North Carolina State University. Drs. Lester C. Ulberg and Albert J. Clawson cosupervised my program for the doctoral degree and gave me responsibility for conduct of my research and for organizing a research team required to perform surgeries and embryo transfers. The transition after 30 months in the military to academia was difficult because there was a major shift that had occurred from organ and tissue biology to cell biology. I worked hard to catch up to the science and enjoyed being a member of a laboratory with a great group of graduate students that included Peter Burfening, Frank Fenton, Don Elliot, Jack Britt, Max Lennon, Tony Bellve, and John Albrecht. A visiting scientist, Dr. William Peterson, from the University of Minnesota taught me to think about conventional wisdom and dogma as current ''truths'' that may or may not be so. He also taught me that the difference between earned authority and conferred authority is based on qualifications and abilities of successful leaders.
My research at North Carolina State University was to understand whether adverse effects of overfeeding on embryonic survival in pigs resulted from direct effects on the embryo or effects mediated via the uterus. Using embryo transfer experiments, we obtained results indicating that the adverse effects of overfeeding were mediated via the uterus [3, 4] . As a biologist, I knew that the insect hormone ecdysone regulated pupation of larvae, and this led to the idea that such a hormone may exist in the uterus to regulate the number of embryos that could develop successfully beyond the blastocyst stage. This idea was reinforced with the discovery of blastokinin, later named uteroglobin, a secreted protein in the uterine lumen of rabbits that was claimed to stimulate the transition of development of morulae to blastocysts [5] . I thought that uteroglobin might be the mammalian equivalent of ecdysone. Thus, my first goal as an assistant professor at the University of Florida was to examine uterine secretions of pigs in search of a protein with biological effects similar to those of uteroglobin.
My experiences at the undergraduate and graduate levels and in the military provided me with the base of knowledge and scientific curiosity, sense of responsibility, and discipline that helped me become an independent scientist. I joined the faculty of the Department of Animal Science, University of Florida, on 15 October 1968. Dr. Tony Cunha, department head, gave me a $2,000 start-up fund and told me to do whatever research I wanted to do with that money. My research laboratory had no indoor toilet, but there was one in the barn. When I hired a female technician, a second toilet was constructed in the barn. It was about 15 yr later that my laboratory moved into a new animal sciences building with indoor toilets, big laboratories, cold rooms, walk-in freezers, and so forth. One may appreciate my lack of sympathy for those who complain about laboratory space, start-up funds, and requirements to teach at least one course per year.
At the University of Florida, my initial research with pigs focused on proteins in uterine secretions, their endocrine regulation, and their influence on embryonic survival. We collected proteins by flushing the uterus with physiological saline to obtain soluble proteins present within the uterine lumen at the time of recovery on specific days of the estrous cycle and pregnancy. Other laboratories were collecting ''secretions'' from the oviduct and uterus via indwelling catheters. We used that technique for a short time but soon recognized that the indwelling catheter induced a local inflammatory response resulting in abundant serum transudate that made qualitative and quantitative analyses of proteins actually secreted by the uterine epithelia impossible. Results of studies of proteins in uterine flushings were productive and led to studies of mechanisms for establishment and maintenance of pregnancy in pigs, sheep, and cows and fetal-placental development in those species.
Interdisciplinary research in reproductive biology at the University of Florida expanded rapidly in 1969 when Drs. Donald Barron, Robert Abrams, Don Caton, Lynn Larkin, and William W. Thatcher were appointed to the faculty. In later years, Drs. R. Michael Roberts, Satya Kalra, Pushpa Kalra, Samuel Gross, Marteen Drost, Victor Shillee, Woodrow Asbury, Michael Fields, Daniel C. Sharp III, and Howard M. Johnson contributed to activities in the Interdisciplinary Reproductive Biology Program. The coming together of these scientists over a short period of time was by chance, but the opportunity was seized to establish a strong and productive program. Collaborations were forged through sharing of resources, both physical and intellectual. Dr. Donald H. Barron, who retired from Yale University and was appointed to the faculty of the Department of Obstetrics and Gynecology in July 1969, was an exceptionally effective mentor and role model who shared physical resources, experiences, and intellectual expertise. I valued his wise counsel while at the University of Florida and until his death in August 1993.
I joined the faculty at Texas A&M University on 1 May 1992 because of my belief in the concept on which the Institute of Biosciences and Technology (IBT) in the Texas Medical Center in Houston, Texas, was developed. The mission of the IBT is to integrate research in agricultural and life sciences, engineering, veterinary medicine, and medicine through interactions among faculties in a land grant university and in institutions in the Texas Medical Center. The IBT provided opportunities for interdisciplinary research and graduate education as well as extramural funding. The move to Texas A&M made me appreciate the significance of continuity in a laboratory for research and graduate education. Moving from an established laboratory that evolved over 24 years at the University of Florida to establishment of a new laboratory with new trainees from varied backgrounds required considerable time and patience. The loyalty and dedication both to the goals of the laboratory and to hard work is instilled in individual trainees through their mentor and peers over time. However, those values are difficult to instill in a new group of individuals who have considerable variation in their dedication to research and work ethic. The value of a stable and mature research environment for graduate education cannot be emphasized too strongly.
MY RESEARCH PATH

University of Florida and Texas A&M University
My research at North Carolina State University indicated that adverse effects of overfeeding on embryonic survival in ANIMAL SCIENTIST CONTRIBUTES TO REPRODUCTIVE BIOLOGY pigs resulted from effects mediated via the uterus [3, 4] . Using ''embryo superinduction,'' that is, adding ''foreign'' embryos to those already present (native embryos) in the uterus, to increase potential litter size, we found that the uterus limits the number of embryos that survive beyond about Day 30 of gestation. We referred to this as uterine capacity [3, 4] . As noted previously, I hypothesized that a protein or other molecule produced by the porcine uterus had a role similar to that of the insect hormone ecdysone in regulating pupation of larvae in that such a factor regulated the number of pig embryos that developed and survived. Thus, I began my studies of proteins in uterine secretions of pigs in search of such a factor. This led to the discovery of many proteins in uterine secretions of pigs using one-and two-dimensional polyacrylamide gel electrophoresis (1-and 2D-PAGE). We also used 2D-PAGE and fluorography to detect de novo synthesized radiolabeled proteins released into the culture medium following culture of tissues in medium containing radiolabeled amino acids (see Fig. 1 ). The latter methodology was introduced to me in 1973 by Dr. R. Michael Roberts, who was then a biochemist at the University of Florida working with plant cell wall proteins.
Uterine Secretions
Uterine flushings collected from pigs during the luteal phase of the estrous cycle are purple in color because of a protein we named uteroferrin (UF) [6, 7] and now known as ACP5 (phosphatase, acid, type 5, tartrate resistant). UF was discovered and initially characterized in my laboratory [6, 7] . We demonstrated that progesterone (P4) stimulates secretion of UF and that synergistic actions of estradiol (E2) and P4 increase its secretion when total E2 does not exceed 1 lg/day but that higher doses of E2 inhibit its secretion by uterine glandular (GE) epithelium in pigs [8] [9] [10] . We purified UF, produced polyclonal antiserum to it and used immunofluorescence histochemistry to demonstrate its secretion by uterine GE of pigs and its uptake up by the placenta [11, 12] .
In-depth studies of UF began in 1973 in collaboration with Dr. R. Michael Roberts and trainees whom we supervised jointly. The biochemistry and functions of UF were investigated to reveal that it is 1) transported across the areolae of the pig placenta by fluid-phase pinocytosis and released into the fetal circulation (Fig. 2) , 2) taken up by a mannose-dependent receptor-mediated mechanism by reticuloendothelial cells of the liver and used in synthesis of hemoglobin in erythrocytes, 3) an acid phosphatase now known as ACP5, and 4) associated with diseases in adults such as osteoporosis (in osteoclasts), Gaucher's disease, hairy cell leukemia, and Paget's tumors of bone, that is, cells of the monocyte/macrophage lineage [13] [14] [15] [16] [17] [18] [19] [20] . I later discovered that UF is a hematopoietic growth factor with CFU-GEMM activity (colony-forming units for granulocytes, erythrocytes, monocytes/macrophages, and megakaryocytes) [21] . Further, UF enhances recovery of blood cells in pigs subjected to myelosuppression and increases the number of circulating hematopietic progenitor cells within 6 h after a ), that are taken up by the placental areolae by fluid-phase pinocytosis and transported across the chorion and into the fetal capillaries to be transported to target tissues such as centers for hematopoiesis or cleared via the kidney, bladder, and urachus into the allantoic fluid. Most proteins can then be taken up from the allantoic epithelium into the fetal circulation; however, uterferrin gives up its iron to transferrin, which is taken up into the fetal circulation [15, [17] [18] [19] 21] .
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BAZER single intramuscular injection [22] [23] [24] . UF is secreted by human placenta; uterine glands of sheep, cows, and horses; as well as spleen in a number of species.
We attempted to use endometrial explant cultures and cell cultures to understand mechanisms of hormonal regulation of synthesis and secretion of UF. However, these in vitro approaches were not informative because the phenotype of the cells changed under culture conditions. Thus, I insist on learning from in vivo experiments and then using in vitro cell culture only if a cell line has a phenotype similar to that in its in vivo environment. We established immortalized cell lines from sheep [25] and pig [26] endometria. However, we do not use those cell lines because their in vitro phenotype differs significantly from that expressed in vivo. Reports of studies based on the use of our cell lines should be viewed with caution.
We discovered and studied many components of uterine secretions of pigs, sheep, cattle, and horses [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . They include retinol binding protein, plasmin/trypsin inhibitor, leucine aminopeptidase, glucose phosphate isomerase, serine protease inhibitors, lysozyme, various proteases, hexosaminadase, phospholipases, prostaglandin synthases, insulin-like growth factors 1 and 2, insulin-like growth factor binding proteins, high-molecular-weight glycoproteins, glucose, fructose, ascorbic acid, amino acids, prostaglandins, cyclic nucleotides, catecholamines, calcium, sodium, potassium, estrogen, progesterone, and colony-stimulating factor 1. This list continues to grow to include secreted phosphoprotein 1 (SPP1, also known as osteopontin); integrins; mucins; fibroblast growth factors (FGF)-7 and 10; hepatocyte growth factor (HGF); staniocalcins (STC); transforming growth factors beta-1, -2, and -3; amino acids; glucose and amino acid transporters; nitric oxide synthases (NOS); GTP cyclohydrolase 1 (GCH1); tetrahydrobiopterin (BH4); interleukins 1 and 4; Mx; interferon-stimulated genes (ISG15); beta 2 microglobulin; histocompatibility antigens; interferon regulatory factors 1, 2, and 6, 2 0 ,5 0 -oligoadenylate synthetase; galectins; cystatins; cathepsins; Wnt gene products; uterocalin; uteroglobin; gastrin-releasing peptide; hypoxia-inducible factor isoforms; mammalian target of rapamycin (MTOR); ornithine decarboxylase (ODC1); and polyamines [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . There is much to be learned about the roles of these proteins that are produced by uterine epithelial and stromal cells, as they contribute to a uterine microenvironment that supports conceptus development. These findings enhanced understanding of enzymes, hormones, cytokines, growth factors, transport proteins, and nutrients, collectively known as histotroph, that are essential for growth and development of the conceptus. Further, we established that secretions of uterine GE are required for conceptus development and for successful establishment and maintenance of pregnancy.
Dr. Frank Bartol developed a uterine gland knockout ewe (UGKO ewe) model to study the role of their secretions during the estrous cycle and pregnancy [50] . Our laboratory adopted his model in 1996 when he was on sabbatical leave at Texas A&M University. Experiments for ''The Glandless Ovine Uterus-A Research Model'' were discussed in detail in October 1996 by Drs. Frank Bartol, Fuller Bazer, Robert Burghardt, Stanley Glasser, Gary Newton, Troy Ott, and Tom Spencer. The UGKO ewes are produced by exposing ewe lambs to a progestin from birth to Day 56 of life. The key finding was that uterine glands and their secretions are required for ewes to exhibit normal estrous cycles and to support conceptus development beyond Day 14 of pregnancy [51] [52] [53] [54] [55] [56] [57] [58] [59] . Uterine tissues from these ewes were used in differential display subtractive hybridization experiments to identify the Jaagsiekti endogenous retrovirus (JSRV), galectin 15, and other genes not expressed in uteri of UGKO ewes [39, [60] [61] [62] . When Dr. Thomas Spencer returned to my laboratory in 1997, he was given the lead for studies of UGKO ewes to identify genes critical to the development of uterine glands during the neonatal period and uterine functions in adult ewes as well as the role(s) of JSRV in pregnant ewes. These studies clearly demonstrated that secretions of uterine glands are required for conceptus development in domestic animals, and this is also the case for humans [63] and rodents [64] .
Pregnancy and Pregnancy Recognition Signaling
Pigs. My favorite experimental animal is the pig. The poem by Thomas Pynchon in Gravity's Rainbow says it all:
A pig is a jolly companion, Boar, sow, barrow, or gilt A pig is a pal, who'll boost your morale, Though mountains may topple and tilt When they've blackballed, bamboozled, and burned you, When they've turned on you, Torry and Whig, Though you may be thrown over by Tabby and Rover, You'll never go wrong with a pig, a pig, You'll never go wrong with a pig! Dr. William W. ''Bill'' Thatcher and I worked with graduate students to explore the estrous cycle and pregnancy in pigs. We found that prostaglandin F 2a (PGF) was released in a pulsatile manner into the uterine veins during the period of luteolysis in cyclic gilts, but the pulsatile release of PGF was suppressed or absent in pregnant gilts [65] . Further, the corpora lutea (CL) of pigs were resistant to luteolytic effects of PGF until about Day 14 of the estrous cycle; therefore, we established that PGF cannot be used to synchronize estrus in pigs because they are not responsive to its luteolytic effects until a few days before they exhibit spontaneous estrus [66, 67] . We next focused on pregnancy recognition signaling by pig conceptuses.
Pig blastocysts hatch from the zona pellucida between Days 6 and 7 of pregnancy at a diameter of 0.5-1 mm, expand to 2-6 mm in diameter on Day 10, and then undergo a morphological transition from large spheres of 10-15-mm diameter to tubular conceptuses of 1-2-mm diameter by 15-50 mm in length and then filamentous conceptuses of l-mm diameter and 100-200 mm in length (see Fig. 3 ). During this initial period of transition, the conceptuses elongate at 30-45 mm/h by cellular remodeling and not by cellular hyperplasia; their continued growth and elongation to 800-1000-mm length by Day 15 of pregnancy is due to both cellular hyperplasia and cellular hypertrophy [68] [69] [70] . The elongating conceptuses secrete estrogens, the pregnancy recognition hormone in pigs [71] .
Estrogens, the maternal recognition of pregnancy signal in pigs, are secreted from the 10-mm spherical through the early filamentous stages, that is, Days 10-12 of pregnancy. Estrogen secretion then decreases from Day 13 to Day 15 and then increases again from Day 16 to Day 30 of pregnancy. Pseudopregnancy, a period of prolonged maintenance of CL equivalent to the length of gestation, can be induced in female pigs by daily injections of estradiol valerate (5 mg/day) on Days 11 through 15 of the estrous cycle. Estradiol may affect maintenance of CL by acting directly on luteal cells to increase binding of luteinizing hormone or prolactin as well as to increase prolactin receptors and binding of prolactin by uterine epithelia; however, these are not established components of pregnancy recognition signaling in pigs. Maternal recognition of pregnancy in pigs results from the local action of estrogens of conceptus origin on the endometrium to modify the direction of release of PGF from an endocrine (i.e., into the uterine ANIMAL SCIENTIST CONTRIBUTES TO REPRODUCTIVE BIOLOGY venous drainage) to an exocrine (i.e., into the uterine lumen) direction (Fig. 4) to prevent its transport to CL to induce luteolysis [65] . Within the uterine lumen, PGF and other prostaglandins appear to be critical for establishment of pregnancy by affecting uterine blood flow, vascular permeability, fluid and electrolyte transport, cell proliferation, steroid biosynthesis, and immunoprotection of the conceptus [72] . Other secretions of the uterine epithelia are also sequestered within the uterine lumen to provide histotroph to support conceptus development during pregnancy [66] .
We used an Ussing Chamber-type device to demonstrate that endometria from cyclic pigs release PGF toward the myometrium and vasculature (endocrine direction), whereas endometria from pregnant and estrogen-treated gilts release PGF from the luminal side of the endometrium (exocrine secretion) [73] . However, the mechanism whereby estrogens, acting either alone or in concert with prolactin, mediate the shift from endocrine to exocrine secretion of PGF is not known. The basis for the endocrine-exocrine theory in pigs was based initially on results from studies of UF, which is secreted into the uterine lumen during pregnancy but released into the intercellular spaces of uterine GE and into the uterine stroma on Days 15-16 of the estrous cycle in pigs [12] .
Sheep, Cows, and Goats. The estrogen-dependent endocrine-exocrine theory of pregnancy recognition in pigs biased our thinking toward that being a common mechanism for other livestock species, such as sheep and cows. Accordingly, we studied steroid metabolism by uterine endometria and conceptuses from sheep and cows, only to find no evidence for secretion of estrogens by either sheep or cow conceptuses during the period of pregnancy recognition [74] . Therefore, we cultured sheep conceptuses in the presence of radiolabeled amino acids as we were doing for studies of proteins secreted by pig endometrial explants cultures. The ovine conceptus conditioned culture medium was subjected to gel filtration chromatography, and the results indicated significant amounts of a low-molecular-weight radiolabeled protein that eluted from a G200 Sephadex gel filtration chromatography column. Thus, these results from my laboratory represent the initial discovery of what we now know as interferon tau (IFNT). I presented those results from studies of sheep conceptuses in 1979 [75] , and results of studies of radiolabeled proteins secreted by cow and pig conceptuses were also presented in 1979 [76] . This research was funded initially by a U.S. We determined that Protein X was secreted by the conceptus only during the peri-implantation period of pregnancy, purified it almost to homogeneity, made antibodies to it, determined that it was secreted by mononuclear trophectoderm cells of the conceptus, and demonstrated that when introduced into the uterine lumen of cyclic ewes, it increased life span of their CL [77, 78] . Protein X had a 14-kDa contaminating protein later determined to be galectin 15 [60] . Protein X was not an appropriate name; therefore, as it is the first major protein secreted by the ovine conceptus, it was renamed ovine trophoblast protein 1 (oTP1). During that same period, Dr. Jacque Martal reported [79] purification of the protein ''trophoblastin'' that is equivalent to oTP1.
Dr. James Lauderdale, a colleague of Dr. Thatcher and mine, obtained permission for Dr. Russell Anthony, a postdoctoral fellow with us, to work in the laboratories of Drs. K.R. Marotti and H.G. Polites at the Upjohn Company to clone the gene for oTP1. This effort was continued by a graduate student, Dr. Kaz Imakawa, in Dr. Michael Roberts's laboratory after he moved to the University of Missouri. The gene for oTP1 was cloned and sequenced at the Upjohn Company to reveal that it is a type 1 interferon later designated by the International Interferon Society as interferon tau (IFNT) [80, 81] . We used highly purified native IFNT to first demonstrate that it has potent antiviral, antiproliferative, and immunosuppressive activities, and we provided initial insight FIG. 3 . Pig conceptuses change in morphology from spherical to tubular to filamentous forms to achieve maximum area of surface contact between the trophectoderm and uterine luminal epithelium between Days 10 and 12 of pregnancy [68, 69] .   FIG. 4 . The theory of pregnancy recognition in the pig is that secretion of prostaglandin F 2a (PGF) is endocrine, that is, toward the uterine vascular drainage to induce luteolysis in cyclic pigs. However, PGF is secreted in an exocrine direction, that is, toward the uterine lumen in pregnant pigs, where it is metabolized and unavailable to exert luteolytic effects [65] .
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BAZER into its structural motif [82] [83] [84] [85] [86] [87, 88] , and demonstrated that the recombinant IFNT had immunosuppressive, antiviral, antiproliferative, and antiluteolytic properties identical to those for native IFNT.
In collaboration with Dr. Thatcher, we conducted experiments to unravel the mechanism whereby IFNT prevented luteal regression to allow establishment of pregnancy in ewes. Dr. John McCracken's model of the ''progesterone block'' for regulation of the estrous cycle in ewes in 1983 [89] was adopted to test hypotheses relevant to the mechanism whereby IFNT acts to signal pregnancy recognition in sheep and other ruminant species. Our hypothesis was that P4 blocks expression of estradiol receptor alpha (ESR1) and oxytocin receptor (OXTR) for a finite period of time, 10-12 days, after which time P4 down-regulates expression of its own receptor (PGR) that is followed by up-regulation of expression of ESR1 and OXTR genes. Then pulsatile release of oxytocin from the posterior pituitary gland and CL elicit secretion of luteolytic pulses of PGF from uterine epithelia on Days 15 and 16 to cause regression of the CL and return to estrus. Results of those studies led to our present theory of the role of IFNT in pregnancy recognition in ewes and other ruminants (Fig. 5) . The theory is based on evidence from a series of studies indicating that 1) IFNT silences transcription of the ESR1 gene and therefore E2-induced expression of OXTR in uterine LE/sGE to abrogate development of the endometrial luteolytic mechanism involving oxytocin-induced luteolytic pulses of PGF, 2) basal production of PGF and PGE2 is higher in pregnant than cyclic ewes because of the continued expression of prostaglandin endoperoxide synthase 2 (PTGS2), 3) IFNT silencing of ESR1 expression prevents E2 from inducing PGR in endometrial epithelia, and 4) loss of PGR by uterine epithelia is required for expression of P4-induced and IFNT-stimulated genes that support development of the conceptus [47, [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] . Caprine IFNT, secreted between Days 16 and 21 of gestation, is the pregnancy recognition signal that prevents pulsatile release of luteolytic PGF and extends life span of the CL in goats [103] . Bovine IFNT, secreted between Days 12 and 38 of pregnancy, also prevents secretion of luteolytic pulses of PGF by uterine epithelia and blocks effects of exogenous E2 and oxytocin to stimulate uterine release of PGF. This indicates that ESR1 and OXTR mRNAs are either less abundant or not responsive to E2 and oxytocin in endometria of pregnant as compared to cyclic cows or cows that receive intrauterine injections of either ovine or bovine IFNT [104] [105] [106] [107] [108] [109] .
A clear message from studies of pregnancy recognition in ewes was that one must examine temporal and cell-specific (spatial) aspects of gene expression in the uterus to understand mechanisms. Our initial hypothesis was that IFNT inhibited expression of ESR1 and OXTR and stabilized PGR in uterine epithelia to extend the period of the P4 block proposed by McCracken [89] . We found that steady-state levels of PGR mRNA were not different between pregnant and cyclic ewes [110] ; however, in situ hybridization analysis revealed loss of expression of PGR mRNA and protein in all uterine epithelia by Day 13 of both the estrous cycle and pregnancy but continued expression of PGR mRNA and protein during pregnancy in both uterine stromal and myometrial cells [111] . Given that P4 is the hormone of pregnancy and that PGR are expressed only in stromal and myometrial cells, the concept that progestamedins from stromal cells affect uterine epithelia became important to our studies. Fibroblast growth factor 7 (FGF7), FGF10, and HGF were candidate progestamedins secreted by uterine stromal cells. Accordingly, in the ovine uterus, FGF7 is expressed primarily by tunica intima of blood vessels, whereas FGF10 and HGF are expressed by stromal cells, while their receptors, fibroblast growth factor receptor 2 IIIb (FGFR 2IIIb ) and oncogene met (MET), respectively, are expressed by both uterine epithelia and conceptus trophectoderm [112, 113] . However, in the pig, FGF7 is an estramedin in early pregnancy [114] [115] [116] . Contrary to the dogma that FGF7, FGF10, and HGF are expressed only by stromal cells, the uterine LE of pigs express FGF7 during the peri-implantation period, and FGFR 2IIIb is expressed by both uterine epithelia and conceptus trophectoderm. The pig has a true epitheliochorial placenta, and many genes are now known to be expressed by uterine LE in direct apposition to the trophectoderm/chorion until around Day 25 of pregnancy, when the uterine GE/ placental areolae complex is established and becomes functional for transport of uterine secretions across the placenta and into the fetal-placental vasculature [114, 115] . In the ewe, the uterine LE is lost during the latter part of the peri-implantation period, allowing the trophectoderm to achieve contact with stromal cells in the stratum compactum stroma that secrete FGF10 and HGF, whereas the uterine LE of the pig is not eroded, and the uterine LE is in direct contact with the trophectoderm that secretes FGF7. This suggests that intimate contact between cells producing progestamedins/estramedins and trophectoderm is important for conceptus development.
Uterine receptivity to implantation is dependent on P4, which is permissive to actions of interferons, chorionic gonadotropin (LHCG), prolactin (PRL), and placental lactogen (CSH1) [47, 49, 117, 118] . The paradox is that cessation of expression of PGR and ESR1 by uterine epithelia is a prerequisite for uterine receptivity to implantation, expression of genes by uterine epithelia, and selective transport of molecules into the uterine lumen that support conceptus development. In the ewe, down-regulation of PGR in uterine LE/sGE is required for P4 to induce expression of many genes encoding for secretory proteins, whereas coadministration of E2 and P4 results in up-regulation PGR in all uterine epithelia FIG. 5. Interferon tau (IFNT) is the pregnancy recognition hormone in sheep and other ruminants that acts to silence expression of estrogen receptor alpha (ESR1) and, in turn, oxytocin receptor (OXTR) to prevent development of the luteolytic mechanism that required oxytocin (OXT) from the corpus luteum (CL) and posterior pituitary to induce luteolytic pulses of prostaglandin F 2a (PGF). Thus, IFNT blocks the ability of the uterus to develop the luteolytic mechanism but does not inhibit prostaglandin synthase 2 (PTGS2) or the basal production of PGF during pregnancy [91, [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] .
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and down-regulation of expression of genes encoding for secreted proteins [49, 117] . Down-regulation of PGR is also associated with down-regulation of MUC1 on uterine LE, a prerequisite for uterine receptivity to implantation, and upregulation of galectin 15, SPP1 and insulin-like growth factor binding protein 1(IGFBP1), as well as many other genes in uterine LE and sGE that stimulate migration and adhesion of trophectoderm cells. Further, silencing expression of PGR in uterine epithelia allows P4 to act on PGR-positive uterine stromal cells to increase expression of progestamedins, such as FGF10 and HGF in sheep uteri [112, 113] , FGF7 and HGF in primates [118] , and FGF7, an estramedin, in uterine LE of pigs [114] [115] [116] . These progestamedins and estramedins exert paracrine effects on uterine epithelia and conceptus trophectoderm that express receptors for FGF7 and FGF10 (FGFR2 IIIb ) and HGF (MET). The general concept of the role of progestamedins is presented in Figures 6 and 7 .
In ewes, expression of many P4-induced genes is further stimulated by IFNT; however, a fundamental unanswered question is whether actions of progestamedins and IFNT on uterine epithelia or other uterine cell types involve novel nonclassical cell signaling pathways, independent of PGR and STAT1 [49, 117] . There is evidence that progestamedins and IFNT can signal via mitogen-activated protein kinases (MAPK) and phosphoinositide-3 kinase (PI3K) to affect gene expression and uterine receptivity to implantation [119] . Interestingly, all type I IFNs bind the same receptor but activate novel cellspecific signaling pathways to differentially affect gene expression in uterine LE/sGE versus GE and stromal cells. We demonstrated that cell-specific gene expression in the ovine uterus is likely due to expression of interferon regulatory factor 2 (IRF2), a potent inhibitor of transcription, by uterine LE/sGE [100] .
In addition to abrograting the uterine luteolytic mechanism and stimulating expression of many classical interferonstimulated genes by ovine uterine GE and stromal cells, we discovered that many P4-induced and IFNT-stimulated genes are expressed by uterine LE/sGE that lack both PGR and STAT1 (signal transduction and activator of transcription 1). Many of these genes are considered important for uterine receptivity to implantation and conceptus development. These include wingless-type MMTV integration site family member 7A (WNT7A) induced by IFNT as well as LGALS15, HIF2A (hypoxia-inducible factor 2A), CTSL (cathepsin L), CST3 (cystatin C), SLC5A1 (solute carrier family 5, sodium/glucose cotransporter, member 1), GRP (gastrin releasing peptide), HSD11B1 (11 beta hydroxysteroid dehydrogenase type 1), IGFBP1, and SLC7A2 (solute carrier family 7, cationic amino acid transporter, yþ system, member 2) [47, 49, 117] . It is clear that type I IFNs activate unique cell-specific signaling pathways to differentially affect gene expression in uterine LE/sGE versus uterine GE and stromal cells. In spite of the expression of IRF2 in ovine uterine LE/sGE, the expression of many P4-induced and IFNT-stimulated genes increase in these cells, perhaps because of actions of both progestamedins and IFNT to activate MAPK and PI3K cell signaling [119] . These include genes for transport of glucose (SLC2A1 and SLC5A11) and amino acids (SLC7A1 and SLC7A2) that increase the abundance of glucose, leucine, glutamine, and arginine in the uterine lumen of ewes. These nutrients then stimulate proliferation of trophectoderm cells by activating the glutamine:fructose-6-phosphate amidotransferase (GFAT)-mediated FK506 binding protein 12-rapamycin associated protein 1 (FRAP1, MTOR) signaling pathway [120] . Arginine (Arg) also affects fetal-placental growth and development through effects on synthesis of nitric oxide (NO) and polyamines that stimulate vascular functions and DNA and protein synthesis for proliferation and differentiation of cells, respectively [121, 122] . In contrast, major histocompatibility complex class I molecules and b2-microglobulin that regulate immune rejection responses are silenced in ovine uterine LE/sGE to protect the conceptus allograft from cells of the maternal immune system [49, 117] .
Servomechanism
Studies on the role of IFNT in pregnancy identified a servomechanism for maintenance of pregnancy that requires FIG. 6 . Silencing expression of progesterone receptor (PGR) in uterine epithelia is a prerequisite for implantation in mammals [47, 49] . Therefore, progesterone (P4) can act via PGR-positive uterine stromal cells to increase expression of progestamedins, such as fibroblast growth factor 7 (FGF7) and FGF10, as well as hepatocyte growth factor (HGF), in sheep uteri [112, 113] . (FGF10 and HGF) , as well as interferon tau (IFNT), are hypothesized to exert paracrine effects on uterine epithelia and conceptus trophectoderm that express receptors for FGF7 and FGF10 (FGFR2 IIIb ) and HGF (MET) by stimulation of cell signaling pathways that include the phosphatidyl inositol kinase 3 kinase (PI3K) and mitogenactivated protein kinase (MAPK) to stimulate gene expression and secretory responses by both trophectoderm and uterine luminal (LE) and superficial glandular (sGE) epithelia that do not express either janus kinase or signal transducers and activators of transcription (STAT1/STAT2) and, therefore, respond to IFNT through alternate cell signaling pathways that also include PI3K and MAPK [47, [112] [113] [114] [115] [116] [117] 119] .
FIG. 7. The progestamedins
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BAZER reciprocal communication between the conceptus and endometrium during implantation and during synepitheliochorial placentation in ewes [123] [124] [125] [126] [127] [128] . This concept derived from our studies designed to determine if the antiluteolytic effects of IFNT to extend life span of CL were reinforced by the effects of placental lactogen (CSH1) and/or placental growth hormone (GH1) secreted from Day 15 to term and Days 35-65 of pregnancy, respectively. Neither independent nor interactive effects of CSH1 and GH1 on luteal maintenance and function in ewes were detected, but both CSH1 and GH1 affected development and function of uterine glands [123] . Importantly, this response occurred only if the uterus was first exposed to intrauterine IFNT between Days 11 and 21 and then to intrauterine CSH1, GH1, or CSH1 and GH1 between Days 16 and 29 after onset of estrus. During gestation, endometrial gland hyperplasia occurs between Days 15 and 50 of pregnancy, and that is followed by hypertrophy of the uterine glands to increase surface area that allows for maximal production of histotroph after Day 60 [128] . Sequential exposure of the ovine endometrium to E2, P4, IFNT, CSH1, and GH1 constitutes a ''servomechanism'' responsible for sequential actions of these respective hormones to activate and maintain endometrial remodeling, secretory function, and uterine growth during gestation [128] . Down-regulation of epithelial PGR is a prerequisite for P4-induced expression of genes in uterine GE that include SPP1, UPTI (uterine plasmin trypsin inhibitor), and STC1/STC2 (stanniocalcin). Treatment with a combination of P4 and E2 increases expression of ESR1 and PGR in uterine GE, inhibiting expression of SPP1 and UPT1. Thus, undefined actions of IFNT are prerequisite to a developmentally programmed sequence of events, mediated by specific paracrine-acting factors at the conceptus-endometrial interface that stimulate both intercaruncular endometrial remodeling and differentiated functions of uterine GE to increase production of histotroph for fetal-placental growth during gestation.
Secreted Phosphoprotein 1 (Osteopontin)
In collaboration with Drs. William Buhi and Michael Moser (postdoctoral fellow), an attempt to characterize and determine the function of a 70-kDa acidic protein thought to be stimulated by IFNT failed. This failure resulted because the protein, when considered ready for amino terminal sequencing, was unexplainably undetectable after the final purification step. I read a paper by Weber and Cantor [129] that described a 70-kDa protein with a pI of 4 that was highly labile to freezing and thawing and gave positive results in the rossete inhibition assay due to binding to CD44 on lymphocytes. The protein was early T-cell activator or osteopontin (now SPP1), and our repeated freezing and thawing of our sample likely accounted for its becoming undetectable as a 70-kDa protein. I obtained antibodies to SPP1, and it was demonstrated that the 70-kDa protein of interest was indeed SPP1. Thereafter, studies led by Dr. Greg Johnson revealed that SPP1 is a multifunctional protein that affects MTOR cell signaling, integrin-linked formation of focal adhesions, cell migration and attachment, implantation, and placentation-related events but not cell proliferation [120, [130] [131] [132] [133] [134] [135] . There is much yet to learn about the multiple roles of SPP1 during pregnancy.
Conceptus Development During Pregnancy
My laboratory has studied conceptus development and survival in pigs [136] , cows [137] , and sheep [138] for many years to understand changes in fetal, placental, and uterine growth, as well as differentiation of the placenta, especially the areolae, and changes in fetal fluids and their composition. This is because embryonic mortality claims from 20% to 40% of embryos with most loss occurring during the peri-implantation period of pregnancy. I will provide a brief summary of work with highly prolific Chinese Meishan pigs (Fig. 8 ) that was conducted in collaboration with Drs. Michel Terqui and Françoise Martinat-Botté at the Institut National de Recherche Agonomique in Nouzilly, France. I will also provide a limited account of studies of fetal fluids, as our results challenge several myths about their source and functions.
Chairman Mao Zedong of China presented President Giscard D'Estaing of France with three highly prolific breeds of pigs native to China. Once in France, geneticists validated prolificacy of the different breeds before reproductive biologists were allowed to study them. With Drs. Terqui and Martinat-Botté and funding from the U.S. Department of Agriculture, I studied the Meishan breed of pigs for about 10 wk each year for 6 yr. In comparing French Large White and Meishan pigs, length and weights of uteri and ovulation rates were not different; however, embryonic survival was much higher in Meishan pigs, and their conceptuses were very uniform in size during gestation and at birth [139] [140] [141] [142] . Unlike the case in France, the establishment of phenotype for Meishan pigs imported into the United States and the United Kingdom was not done by geneticists; this may account for the substantial variation in reported results on the reproductive biology of those pigs.
Fetal fluids have very important roles in conceptus development, especially in animals with epitheliochorial and synepitheliochorial placentae. In pigs, allantoic fluid volumes increase rapidly between Days 20 and 30, decrease to Day 35, and then increase again between Days 50 and 60 of gestation (Fig. 9) . The allantoic sac is equivalent to the bladder of a football, but it is filled with fluid that is actively transported into it from the maternal system. The consequence is rapid expansion of the chorioallantoic placenta that forces it into intimate contact with a large surface area of the uterine endometrium to facilitate histotrophic and hematotrophic nutrition. We have published on conceptus development and the endocrinology of pregnancy in pigs and sheep with respect to changes in allantoic fluid volume, placental development, ANIMAL SCIENTIST CONTRIBUTES TO REPRODUCTIVE BIOLOGY and fetal development [136, 138] . The results have dispelled several myths about fetal fluids [143] [144] [145] . First, the concept that allantoic fluid comes from the mesonephros is false. The renal system redistributes but does not make water. In fact, the allantoic fluid accumulates because of the active transport of water from the mother to the conceptus. Second, allantoic fluid does include water from the kidney and bladder, but it is primarily a reservoir for nutrients. It contains abundant amounts of sugars (glucose and fructose), amino acids, vitamins, and all proteins secreted by uterine GE and transported into the conceptus vascular system via the placental areolae. The pig placenta actively transports water and nutrients as indicated by the potential difference and shortcircuit current across the chorioallantois that changes in response to E2, P4, and CSH1 [143, 144] . The changes in volumes of fetal fluids, particularly allantoic fluid, are dynamic and associated with significant changes in electrolytes and transporters for nutrients such as glucose and amino acids. Proteins transported from the uterine glands into the fetalplacental vascular system enter the allantoic fluid via the kidney, go into the bladder, and travel from the bladder into the allantoic sac via the urachus. Most of these proteins can be reabsorbed across the allanoic membrane into the fetalplacental vascular system. A major unanswered question in species with epitheliochorial and synepitheliochorial placentae is the role of fructose, the most abundant sugar in fetal blood and allantoic fluid. These principles of transport of water, electrolytes, micro-and macronutrients by the placenta, and the roles of fetal fluids likely apply to all domestic animal species.
Nutrition and Reproduction
Nutrients are essential components of histotroph in the uterine lumen required for development and survival of conceptuses during pregnancy [47, 49, 117, 145] . We conducted systematic studies of temporal and cell-specific changes in expression of transporters for glucose and amino acids, their regulation by P4 and/or IFNT, changes in expression of isoforms of NOS, ODC1 and related proteins, as well as components of the MTOR complexes (MTORC1 and MTORC2) as cell signaling pathways in ovine uteri and conceptuses [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] [157] [158] [159] [160] [161] [162] [163] [164] . The results indicate that 1) total recoverable glucose, arginine, leucine, glutamine, glutathione, calcium, and sodium are more abundant in uterine fluids of pregnant than cyclic ewes between Days 10 and 16 after onset of estrus or mating; 2) uteri and conceptuses express tissue-and cell-specific facilitative and sodium-dependent transporters for glucose as well as for cationic, acidic, and neutral amino acids, some of which are regulated by P4 only and others by P4 and IFNT; 3) transport of arginine into the uterine lumen and uptake by conceptuses is primarily by System yþ (SLC7A1, SLC7A2, and SLC7A3) cationic amino acid transporters; 4) NOS1 and ODC1 are most abundant in uterine LE/sGE, while NOS3 is most abundant in trophectoderm and endoderm of conceptuses; 5) expression of GTP cyclohydrolase (the key enzyme for synthesis of tetrahydrobiopterin, a required cofactor for all isoforms of NOS for production of NO), ODC1, and NOS1 is more abundant in conceptuses than endometrial cells; and 6) P4 stimulates expression of NOS1 and GCH1, while IFNT inhibits expression of NOS1. Both MTORC1 and MTORC2 cell signaling pathways are localized to uterine LE/sGE, GE and stromal cells, and trophectoderm and endoderm of conceptuses between Days 13 and 18 of pregnancy.
Ongoing research in my laboratory is aimed at understanding the roles of MTORC1 and MTORC2 complex cell signaling pathways for conceptus growth and development, including elongation of trophectoderm, during the periimplantation period. We demonstrated that the early increase in circulating levels of P4 accelerates blastocyst growth and development in ewes and coordinates increases in total recoverable glucose, aspartate (acidic amino acids), arginine and lysine (basic amino acids), and citrulline, asparagine, serine, glutamine, beta-alanine, and alanine (neutral amino acids) in uterine flushings on Day 9 of pregnancy compared to control ewes [156] [157] [158] [159] . However, on Day 12 of pregnancy, only arginine and lysine are more abundant in uterine flushings from P4-treated ewes, as are transporters for glucose (SLC2A1 and SLC5A1) and arginine (SLC7A2B) in uterine LE/sGE on both Day 9 and Day 12.
These novel results indicate that P4-induced advances in transport of select nutrients, particularly arginine and glucose, into the uterine lumen on Days 9 and 12 of pregnancy are coordinate with advanced development of the ovine conceptus. We also found novel cell signaling whereby 1) arginine activates MTOR cell signaling and phosphorylation of RPS6 (ribosomal protein S6); 2) arginine, leucine, and glucose increase phosphorylation of AKT1 (v-akt murine thymoma viral oncogene homolog 1), GSK3B (glycogen synthase kinase 3-beta), FRAP1, and RPS6K (ribosomal protein S6 kinase) proteins; 3) arginine increases the abundance of pRPS6K and pRPS6 in the cytoplasm of oTr cells; and 4) cell proliferation is enhanced by metabolism of arginine to polyamines and NO [120, 153, 154] . Both NO and polyamines are critical for implantation and development of conceptuses. The biosynthesis of NO and polyamines in ovine uterine endometria and conceptuses is regulated at transcriptional, translational and posttranslational levels to favor conceptus development and implantation.
In ewes, insulin-like growth factor 2 (IGF2) mRNA is most abundant in caruncular endometrial stroma; however, in intercaruncular endometrium, its expression transitions from uterine stroma to LE between Days 14 and 20 of pregnancy [159] . IGF2 is present in all cells of the conceptus but particularly abundant in primitive endoderm and yolk sac early in pregnancy and in the chorioallantois and LE of ewes during 
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BAZER mid-to late pregnancy. Abundant IGF2 at the interface between cotyledonary and caruncular sides of placentomes suggests a role in conceptus development. For example, IGF2 regulates nutrient transport (glucose transporters and amino acid transporters) by the placenta to meet fetal-placental demands, perhaps via a positive regulatory feedback loop between IGF2 and MTOR [159] . In support of this, IGF2 increases abundance of phosphorylated forms of PDK1(3-phosphoinositide-dependent protein kinase 1), AKT1, GSK3B, FRAP1, and RPS6K proteins in oTr1 cells that are coordinate with rapid increases in phosphorylated forms of mitogenactivated protein kinase 3/1 (MAPK3/1, also known as ERK1/ 2) and MAPK14 (also known as P38 MAPK) proteins, as well as proliferation and migration of oTr1 cells [160] . Thus, IGF2 may coordinately activate multiple cell signaling pathways critical to survival, growth, and differentiation of mammalian conceptuses during early pregnancy. We found novel converging pathways whereby arginine, SPP1, and IGF2 activate both MTORC1 (cell proliferation and mRNA translation) and MTORC2 (cytoskeletal alterations, cell migration, and cell survival) cell signaling complexes in oTr1 cells [120] .
Polyamines and NO are essential to placental growth and angiogenesis. Rats fed arginine-free diets experience reduced NO synthesis, increased fetal resorptions, intrauterine growth retardation (IUGR), increased perinatal mortality, and decreased numbers of live pups at birth [121, 164] . Oral administration of arginine (3 g daily for 4 wk) to women with preeclampsia increased NO synthesis, reduced blood pressure, prolonged pregnancy, improved fetal well-being, enhanced fetal growth, and increased uterine quiescence to prevent pretrerm labor [121] . Nitric oxide, a key regulator of angiogenesis during pregnancy, is derived from metabolism of arginine to NO by NOS expressed by placentae of rodents, humans, pigs, and sheep. Placental synthesis of NO, like that of polyamines, is essential for placental vasculogenesis and angiogenesis and increases markedly between Days 30 and 60 of gestation when placental growth and placentome development are most rapid in pigs [162] . Inhibition of NOS or ODC to reduce NO and polyamine synthesis during early pregnancy results in a marked reduction in placental size and leads to intrauterine growth retardation in rats. Increases in NO synthesis in sheep placentomes from Day 100 of gestation to term are coordinate with significant increases in placental-fetal blood flow and rapid fetal growth. Intriguingly, in ovine placentae and endometria, the abundance of both NADPH and BH4 increase markedly between Days 40 and 60 of gestation along with increases in concentrations of citrulline (the precursor of arginine) and arginine in allantoic fluid. Between Days 80 and 100 of gestation, BH4 concentrations also increase in placentomes and endometria, as do concentrations of arginine in allantoic fluid. Arginine is a potential regulator of the pentose cycle activity and a stimulator of endothelial GTP-CH expression critical for regulating the synthesis of NADPH (nicotinamide adenine dinucleotide phosphate) and BH4 and NO production in placenta and endometrium, which prevents or ameliorates intrauterine growth retardation and development of hypertension and preeclampsia [162] [163] [164] . Of particular interest is evidence that administration of arginine enhances fetal growth [162] . Consistent with this notion is the high abundance of arginine in porcine allantoic fluid during early gestation when placental growth is most rapid [163, 164] .
CLOSING COMMENTS
I have participated in interdisciplinary programs in reproductive biology for research and graduate education that emphasize the use of molecular, cellular, and physiological techniques to understand biological processes affecting reproduction. Successful scientists in reproductive biology will need a strong personal commitment to the discipline and enjoy science and the associated time and work that it demands. I believe that the scholarship of integration of scientific principles and concepts requires recognition of how to assimilate and integrate information from multiple disciplines to develop a question or an approach to testing a hypothesis. A strong program in research and graduate education will have participants with 1) high expectations for members to respect the program and each other, 2) a strong work ethic and sense of responsibility to others, 3) opportunities to design and conduct well-organized experiments and publish the results in a timely manner, 4) a commitment to develop and integrate new methods required to test hypotheses, 5) strong interests in interdisciplinary research, 6) a strong sense of dedication to the goals of the laboratory, and 7) earned loyalty and mutual respect among members of the laboratory. Each person in a laboratory has individual responsibilities and group responsibilities that must be honored while also satisfying the ego of each person. A sound laboratory encourages constructive criticism and challenges dogma as a healthy part of the learning and training environment. This helps to ensure that trainees mature on the basis of a progression in both learning (learning begins with a question) and training (training begins with a task) experiences.
The challenges of the twenty-first century require us to do and teach good science, as well as integrate the sciences to address questions in both basic and translational research. Reproductive biologists in departments of animal science must appreciate that the integration of disciplines to conduct research is more than being multidisciplinary; it is a frame of mind, a thought process. We must learn how to bring about desired results when a problem is too complex to be addressed by scientists from a single discipline or even from closely related disciplines. The use of domestic animals in biomedical research will provide opportunities to focus on the scholarship of integration of knowledge of importance to animal agriculture and to the biomedical community. Agriculture is a biological science that is a cornerstone of research integral to health care systems in which an affordable, abundant, and safe supply of food is acknowledged to be permissive to health.
In summary, I can do no better than paraphrase the principles set forth by Dr. Casida [1] : 1) understand the principles of your discipline, 2) master old techniques and learn new ones because good questions must be answered using sound experimental techniques, and 3) practice the integration of knowledge in your research. Following those principles and being dedicated to a career in science are, I believe, fundamental to achieving excellence in research and graduate education.
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